mice demonstrated increased mortality during anemia. Unlike wildtype (WT) animals, anemia did not increase cardiac output (CO) or reduce systemic vascular resistance (SVR) in nNOS −/− mice. At the cellular level, anemia increased expression of HIF-1α protein and HIF-responsive mRNA levels (EPO, VEGF, GLUT1, PDK1) in the brain of WT, but not nNOS −/− mice, despite comparable reductions in tissue PO 2 . Paradoxically, nNOS −/− mice survived longer during hypoxia, retained the ability to regulate CO and SVR, and increased brain HIF-α protein levels and HIF-responsive mRNA transcripts. Real-time imaging of transgenic animals expressing a reporter HIF-α(ODD)-luciferase chimeric protein confirmed that nNOS was essential for anemia-mediated increases in HIF-α protein stability in vivo. S-nitrosylation effects the functional interaction between HIF and pVHL. We found that anemia led to nNOS-dependent S-nitrosylation of pVHL in vivo and, of interest, led to decreased expression of GSNO reductase. These findings identify nNOS effects on the HIF/ pVHL signaling pathway as critically important in the physiological responses to anemia in vivo and provide essential mechanistic insight into the differences between anemia and hypoxia.
A nemia predicts outcomes of critically ill patients (1, 2) and those with chronic diseases (3) (4) (5) . Although anemia is prevalent in these common clinical settings, it is now appreciated that treatment of anemia by transfusion (6) or with erythropoiesis stimulating agents (4) does not necessarily improve mortality. These paradoxical clinical findings underscore the need for a more fundamental understanding of the cellular and molecular responses to anemia. Naively, anemia-associated mortality and organ injury are assumed to be primarily a consequence of a reduction in tissue PO 2 (tissue hypoxia). Although the physiological and molecular responses to tissue hypoxia are increasingly understood (7) , it is surprising that so little is understood about how anemia affects tissue O 2 delivery and hypoxic cell signaling. In addition, few studies have compared the physiological and cellular responses to anemia (low Hb) and systemic hypoxia (low P a O 2 ). When viewed from the perspective that blood flow, O 2 -carrying capacity, and O 2 saturation are the principal determinants of tissue O 2 delivery, the differential control of cardiovascular and cellular responses to anemia are of significant interest.
In this regard, nitric oxide (NO) plays a major role in changes in vascular tone and organ function in the setting of hypoxia. For instance, hypoxia leads to decreases in endothelial NOS (eNOS) mRNA and increases nNOS mRNA expression in vascular endothelium and smooth muscle cells, respectively (8, 9) . Studies have demonstrated that acute anemia causes tissue hypoxia and an increase in hypoxia-inducible factor-alpha (HIF-α) and neuronal NOS (nNOS) protein levels, especially in the brain (10, 11) .
Both nNOS mRNA and protein expression are regulated by O 2 at multiple levels, both transcriptional and translational (9, 12) . The expression of nNOS exerts a functionally significant effect in hypoxic tissues, especially on vascular smooth muscle contraction (9) , thereby influencing tissue O 2 delivery. Considering the need to balance the important physiological functions of nNOS-derived NO with the potential for NO cytotoxicity (13) , it is not surprising that mechanisms have evolved to ensure that nNOS activity is tightly regulated and linked to tissue O 2 levels (14, 15) . In this regard, a central role for nNOS in the regulation of mammalian ventilatory and metabolic adaptations to hypoxia has been recognized (16) (17) (18) . In addition, the nNOS enzyme more critically depends on O 2 than the other NOS isoforms (apparent K m for O 2 of 350 μM) (19) .
Although NO modulates local blood flow and, hence, O 2 bioavailability, NO is also known to exert a direct effect on O 2 sensing. HIF-α subunits are degraded by the 26S proteasomal pathways during normoxia. The von Hippel-Lindau protein (pVHL) is essential for the ubiquitination and rapid degradation of HIF-α. Posttranslational hydroxylation of proline residues in the oxygen-dependent degradation (ODD) domain of HIF-α is required for the interaction between HIF and pVHL. In the setting of hypoxia, this posttranslational modification does not occur and HIF-α is not degraded. Compelling evidence indicates that under nonhypoxic conditions, S-nitrosothiol-based signaling reactions are hypoxia mimetics, and both pVHL and HIF-α have been identified as targets for S-nitrosylation (20, 21) . NO also inhibits the oxygen-dependent HIF-α prolyl hydroxylases (22) . Thus, under normoxic conditions, NO augments HIF activity and is, therefore, a hypoxia-mimetic. In contrast, when cells are truly hypoxic, NO can inhibit mitochondrial O 2 consumption and paradoxically impair HIF stabilization (23) . These in vitro findings underscore the need to address NO biology under normal, anemic, and hypoxic settings in vivo.
In the current study, we assessed the impact of acute anemia on survival, cardiovascular responses, tissue hypoxia, and HIF responses in the presence and absence of nNOS. In addition, we wished to compare and contrast the impact of nNOS on these outcomes in anemia and hypoxia. We hypothesized that nNOS improves survival during anemia but not hypoxia, possibly through effects on cardiovascular physiology and HIF signaling.
Results nNOS Is Protective in Acute Anemia. To assess the role of NOS in acute anemia, hemodilution was performed until mortality in NOS-deficient mice (nNOS −/− , eNOS −/− , and iNOS −/− ) (Fig. 1) . In WT and nNOS −/− mice, we observed a comparable reduction in hemoglobin concentration (Hb) and increased Hb oxygen saturation (S a O 2 ) and P a O 2 . (Table S1 ). Strikingly, nNOS −/− mice died earlier and at a higher Hb concentration compared with wild-type (WT) mice ( Fig. 1 ; P < 0.05, median terminal Hb: 36 g/L vs. 26 g/L). This effect was specific to the nNOS isoform because anemia-induced mortality was not different between WT, eNOS −/− , and iNOS −/− mice. These data suggest that nNOS is a protective gene in acute anemia. To compare and contrast acute anemia with acute hypoxia, mice were exposed to a progressive decrease of inspired O 2 level (21-5% O 2 ). Surprisingly, nNOS −/− mice survived longer than WT mice at 5% O 2 ( Fig. 1 ; P < 0.05, median survival time: 10 vs. 3.5 min). These data suggest that nNOS is a detrimental gene in acute hypoxia.
nNOS Contributes to Adaptive Cardiovascular Responses During
Anemia. Acute anemia resulted in an increase in CO and reduction SVR in WT anemic mice (Table S1 and Fig. S1 ). In contrast, CO and SVR responses were severely attenuated in anemic nNOS −/− mice (Table S1 and Fig. S1 ). We next determined the effect of acute anemia on resistance vessels from the mesenteric circulation. We have reported that hypoxia reduced the contractile response of mesenteric arterioles and that this response depended, in part, on vascular smooth muscle nNOS (9) . In contrast, isolated resistance arteries from anemic WT and nNOS −/− mice did not demonstrate impaired contractile responses to phenylephrine or the myogenic response (Fig. S2 ). This result indicates that the observed decrease in SVR in anemic WT mice was due to mechanism extrinsic to the vascular wall and suggested that S-nitrosyl proteins (SNOs) may have contributed. Paradoxically, the CO and SVR responses to acute hypoxia were opposite; CO increased and SVR decreased only in hypoxic nNOS −/− mice, emphasizing important physiological differences between anemia and hypoxia ( Fig. 1 and  Fig. S1 ). (Table S1 ). Despite similar resultant tissue PO 2 level in these superficially related conditions, we observed surprisingly different phenotypes in nNOS −/− and WT mice ( Fig. 1 and Fig. S1 ). Therefore, we assessed the impact of nNOS at the cellular level within brain tissue in anemic and hypoxic mice. To assess the cellular response to reduced brain tissue PO 2 during anemia, we measured HIF family members and several well-known HIF-regulated genes. We focused on the brain given its high metabolic requirement for O 2 and its known susceptibility to anemia-induced injury (2) . We observed an increase in HIF-regulated mRNA transcript levels (EPO, VEGF, GLUT1, PDK1) in brain tissue from anemic WT mice (Fig. 2) . These responses were not observed in anemic nNOS −/− mice, suggesting that the lack of nNOS dramatically effected HIF-regulated cellular responses in vivo. By contrast, exposure to hypoxia still led to increases in HIF-regulated mRNA transcripts regardless of nNOS genotype (VEGF and GLUT1) (Fig. 2) .
The dramatic difference in the mRNA levels of well-known HIF-regulated genes in anemic WT versus nNOS −/− mice lead us to assess HIF-α protein levels in brain homogenates. It is important to note that comparable levels of basal HIF-α protein were measured in both nNOS replete and deficient strains (Fig.  S3 ). This result is consistent with findings that tissue PO 2 levels are low enough to support HIF stabilization at basal conditions in vivo (24, 26) . In anemic WT mice, HIF-1α and nNOS protein levels were increased two-to threefold at 6 and 24 h, relative to nonanemic controls (Fig. 3) . The sustained increase in HIF-1α protein was not observed in nNOS −/− mice (Fig. 3) . By contrast, HIF-1α protein levels increased above baseline after hypoxia in both strains (Fig. 3) . This strikingly different response suggested that nNOS played a seminal role in mediating the HIF-α cellular response to anemia, but not hypoxia. Immunostaining demonstrated that the increase in HIF-1α expression occurred in a perivascular distribution in anemic WT but not nNOS −/− mice (Fig. S4) , suggesting that NOS-derived NO may play a role in increasing HIF-1α protein levels in the microvasculature (9, 27) . Collectively, these data suggest that priming of HIF-1α by nNOSderived NO is essential for adaptive responses to severe anemia, possibly modifying S-nitrosothiol signaling (28). Thus, nNOS and iNOS −/− (n = 12, green) were exposed to hypoxia (5% O 2 ). In both cases, mortality was assessed by the cessation of breathing. P < 0.05 WT vs. nNOS
. may amplify the HIF-α response to small changes in brain tissue O 2 concentration observed during anemia.
Increased Real-Time HIF-α Expression Depends on nNOS During
Anemia. We then used hemizygous HIF-α(ODD)-luciferase mice to further define the molecular basis of the changes in HIF-α protein levels in anemia and hypoxia in vivo (29) . These mice contain a ubiquitously expressed ROSA26-targeted transgene driven by a promoter that directs the transcription of a mRNA encoding a chimeric protein containing the firefly luciferase fused in frame with the 123-aa ODD of the human HIF-1α subunit (amino acids 530-652). This ODD contains a prolyl residue of HIF-1α that provides a cellular locus for oxygendependent hydroxylation and subsequent proteosomal degradation. Thus, this chimeric protein is regulated by changes in O 2 tension similar to the native HIF-1α protein.
In the absence of O 2 , the HIF-α(ODD)-luciferase protein is stabilized and the luciferase enzymatic activity can be assessed by dynamic realtime whole animal imaging over a broad range from 1-to 100-fold over background (20) . Using this model, we demonstrated a progressive increase in whole body luciferase signal in anemic mice that reached a maximal level after 6-24 h (Fig. S5 ). Assessment of tissue luciferase activity in vitro at 6 h demonstrated increases in brain, kidney, heart, and liver HIF-α levels, relative to nonanemic controls (Fig. S5 ). After 3 d, HIF-α returned toward baseline at a time when the Hb concentration had recovered to ≈80 g/L (Fig. S5 ), a value near the current transfusion threshold (6) .
To assess the role of nNOS with respect to anemia-induced HIF-α expression in this model, similar experiments were performed in hemizygous HIF-α(ODD)-luciferase mice that were interbred on a nNOS −/− background ( Fig. 4 and Fig. S6 ). Strikingly, anemic nNOS −/− mice failed to demonstrate an increase in HIF-α(ODD)-luciferase signal relative to nNOS-replete littermate controls at any time point. Assessment of brain tissue extracts was performed in vitro because of the shielding effect of the skull in vivo (Fig. 4) . These data confirm that nNOS is required for increased HIFα stabilization in anemic mice. By contrast, hypoxia exposure resulted in an increase in total body and brain luciferase activity in both WT and nNOS −/− mice ( Fig.  S6) , illustrating a profound difference in the impact of nNOS in anemia versus hypoxia at the cellular level. The lack of a luciferase response in the anemic nNOS −/− /HIF-α(ODD)-luciferase mice suggests that nNOS was essential to prime or amplify the HIF-1α response to anemia in vivo. With respect to the mechanism of anemia-induced increases in brain HIF-1α protein, we did not previously find an increase in HIF-1α mRNA levels (10) . Therefore, we assessed mechanisms of HIF-α stabilization using the biotin switch assay (28) . Using this approach, we demonstrated an increase in S-nitrosylation of pVHL in brain homogenates of anemic WT mice after 6 and 24 h (Fig. 5 ). This increase in pVHL S-nitrosylation was not observed in anemic nNOS −/− mice (Fig. 5) . By contrast, hypoxia did not lead to increased pVHL S-nitrosylation in either strain. We did not find an effect of anemia on levels of global SNO-modified proteins. Specifically, the S-nitrosylation of CPK, GAPDH, or HIF-1α (normalized for total immunoreactive protein content) did not differ in total brain homogenates of anemic mice (Fig.  S7 ). This result suggested that anemia-induced increases in SNO-modified pVHL, which is known to disrupt pVHL-HIF interactions, depend on nNOS-derived NO. S-nitrosylation of Cys162 of pVHL disrupts functional pathways implicated in the ubiquitination and degradation of HIF-α (21) .
Accumulating evidence indicates that protein S-nitrosylation is determined by the net effect of S-nitrosylation and denitrosylation pathways (30) . A number of enzymes have been implicated in denitrosylation reactions. Importantly, genetic ablation or pharmacological inhibition of S-nitrosoglutathione reductase (GSNOR) leads to augmented vasodilatory responses. The normal expression and function of GSNOR, at least for myocardial ischemia, serves a protective role. Of interest, hypoxia led to decreases in GSNOR protein levels in vitro (1%, 4-24 h, cultured human umbilical vein endothelial cells; Fig.  S8 ). We therefore assessed levels of GSNOR in vivo and observed a transient or sustained reduction in brain GSNOR protein levels in hypoxic and anemic mice, respectively (Fig. S8) . A reduction in GSNOR protein activity in anemic animals would be expected to prolong the half-life of protein S-nitrosylation during anemia. Therefore, we addressed the functional consequences of GSNOR genetic deficiency on survival in acute severe anemia (Fig. S8) . Although we observed a trend toward increased survival in GSNOR −/− mice, the effect was not robust and did not achieve statistical significance. Therefore, although GSNOR expression and function may play a modulatory role in the integrative physiological responses to anemia, GSNOR is not a key survival gene. This finding can be contrasted with the effect of nNOS deletion and underscores our main finding, namely that nNOS-mediated S-nitrosylation of pVHL plays a key physiological role in the response to acute anemia.
Discussion
The results of this study demonstrate that nNOS is critical in the integrative physiological response to acute anemia. Our studies highlight previously unappreciated differences between acute anemia and acute hypoxia. Notably, nNOS conferred dramatic protection against acute anemia-induced mortality. Although nNOS protected mice from mortality in acute anemia, it was detrimental to survival in acute hypoxia. The mechanism by which nNOS contributed to improved survival in anemia may have included both physiological and cellular components. Only nNOS-replete mice were able to increase CO and reduce SVR in response to anemia. Increased CO and decreased SVR act to preserve tissue perfusion (11, 31) . Assessment of isolated resistance arteries did not demonstrate a vasodilatory phenotype in response to 24 h of anemia. This result suggested that the reduction in SVR was mediated by nNOS-dependent factors that were extrinsic to the resistance artery. At the cellular level, anemia resulted in an increase in brain nNOS and HIF-1α protein levels. This finding was associated with increased expression of HIF-dependent RNA transcripts in the brain of anemic mice.
Of particular interest were the very large increases in EPO and PDK1 mRNA levels. These cellular responses may support cytoprotective and/or metabolic adaptation to anemia (18) . Using real-time imaging of transgenic animals expressing a HIF-1α chimeric protein reporter, wherein the ODD of human HIF-1α is fused to luciferase protein, we provide in vivo evidence that nNOS-derived NO is key for HIF-α stabilization in anemia. In marked contrast, no increase in HIF-1α protein, HIF-α(ODD)-luciferase, or HIF-dependent RNA levels were observed in anemic nNOS −/− mice, demonstrating the absolute requirement for nNOS to augment HIF signaling during anemia.
The differential HIF response to anemia in WT and nNOS −/− mice was not caused by differences in microvascular brain tissue PO 2 levels between strains. Thus, we sought a mechanism that was independent of PO 2 : protein S-nitrosylation (32). Using the biotin switch assay (28), we observed that the mechanism of HIF stabilization in anemic WT mouse brain included S-nitrosylation of pVHL. The absence of this response in anemic nNOS −/− mice strongly suggested that nNOS-derived NO was responsible for pVHL S-nitrosylation during anemia. In addition, decreased GSNOR protein levels in anemic WT mouse brain may play a role in the observed increases in SNO-modified pVHL during acute anemia. These data provide important insight into the cellular and molecular responses to acute anemia and suggest that nNOS-derived NO primes HIF-dependent transcriptional responses, thus further expanding the paradigm in which SNOs are hypoxia-mimetic (21) .
An assessment of the differences in O 2 tension and tissue O 2 gradients might help to explain differential responses to anemia and hypoxia. Although both anemia and hypoxia reduce blood O 2 content, exposure to atmospheric hypoxia reduces blood O 2 content by decreasing P a O 2 , whereas anemia results in reduced blood O 2 content by decreasing Hb. Indeed, P a O 2 and S a O 2 can increase in anemia, in part via an eNOS-dependent improvement in lung ventilation perfusion matching (33) . Although our studies do not address mild or moderate anemia, it will be of interest to see whether increases in P a O 2 levels has paradoxical functional effects on vascular HIF signaling. In contrast to severe anemia, hypoxia results in a dramatic decrease in P a O 2 and S a O 2 . Thus, during anemia, the immediate available O 2 concentration would be relatively higher in the vascular compartment compared with systemic hypoxia. Although cellular O 2 delivery will be low in both settings, our work highlights that the impact of free O 2 levels in the vascular compartment will be markedly different.
S-nitrosothiols contribute to hypoxic vasodilation in systemic and coronary vascular beds. This mechanism attempts to match tissue perfusion with O 2 demand (34) and may also contribute to the reduced SVR and organ-specific increases in blood flow that occur during acute anemia (11, 35) . Early insight into the role of red blood cells in the regulated delivery of NO to hypoxic vascular beds suggested that red blood cells are endogenously "preloaded" with bioactive NO for delivery to vessels in conditions of oxyhemoglobin desaturation (32, 36) . In this model, a key cysteine residue within the β-globin chain of Hb (Cysβ93) was biologically relevant to the control of local blood flow. They proposed that S-nitrosohemoglobin (SNO-Hb) transports NO to the microcirculation. An alternate hypothesis suggests that NOSderived, NO-mediated changes in nitrite, and its subsequent reduction back to NO by deoxyhemoglobin, may also contribute to physiological vasodilation in hypoxic vascular beds (37) . It is compelling that increased blood flow can be recapitulated with SNO-Hb, now known to play a key role in mediating hypoxic vasodilation (38) . Endogenous S-nitrosothiols also confer dramatic protection in acute myocardial ischemic injury (34) . However, not all vascular S-nitrosothiol signaling reactions are adaptive (39) . For example, the effect of the antioxidant N-acetylcysteine or S-nitroso-N-acetylcysteine led to pulmonary arterial hypertension in a manner that was similar to chronic hypoxia. This effect was ascribed to the hypoxia-mimetic effect of S-nitrosothiols on the pVHL/HIF transcription signaling complex (21) .
Our data suggests that nNOS acts as a priming or amplifying mechanism to allow for increases in HIF-α isoform levels and its target mRNAs in anemia. The importance of this mechanism in the in vivo setting was demonstrated in HIF-α(ODD)-luciferase mice. Using this model, we infer that nNOS promotes HIF-α stabilization during anemia. This mechanism is specific to anemia, possibly due to the preservation of O 2 Hb saturation during anemia. Differential Hb O 2 unloading during anemia vs. hypoxia and the overall stiochiometry of Hb NO binding and protein Snitrosylation may also influence release of NO from SNO-Hb in the microvasculature. Under anemic conditions of high P a O 2 and S a O 2 , nNOS activity may be favored given that nNOS requires relatively high PO 2 levels to generate NO (19) . Collectively, our data demonstrate that nNOS supports HIF-dependent cellular adaptation during acute severe anemia. This response occurred, in part, by S-nitrosylation of pVHL, as demonstrated in vitro (21) . Alternate mechanisms could include S-nitrosylation of HIF-1α (20, 40) and inhibition of HIF prolyl hydroxylase activity (22) . However, the transgenic model used in the current study (123-aa protein domain of human HIF-1α ODD) does not contain any of the 15 cysteine residues identified as targets for Snitrosylation in HIF-1α (20, 40) , consistent with our finding of no increase in HIF-1α S-nitrosylation during anemia.
There are limitations in our current work. The physiologic role of nNOS and regulation of pVHL/HIF in chronic anemia needs to be addressed (41) . In the setting of chronic anemia, changes in SNO bioavailability and S-nitrosothiol signaling may affect angiogenesis as demonstrated in a model of myocardial ischemia (30) . Future studies will need to define the relative contribution of nNOS, versus other NOS isoforms, to tissue-and diseasespecific S-nitrosothiol signaling reactions. Also, the role of denitrosylation reactions in health and disease warrants further study. Clearly, the pVHL/HIF transcription signaling complex will be of specific interest. Direct measurement of S-nitrosothiol compounds may lead to further mechanistic insight as to the tissuespecific localization of endogenous S-nitrosothiol species production during anemia. Finally, the downstream HIF-dependent effector pathways that are key to adaptive nNOS-specific integrative responses will need to be defined in future studies.
In summary, nNOS is protective during acute anemia. These results suggest that nNOS-derived signaling products act in vivo to regulate HIF during anemia in a fashion that is responsive to small changes in O 2 tension. This effect in anemia results, at least in part, from S-nitrosylation of pVHL and activation of the protective pVHL/HIF-dependent transcriptional pathway. There are clinical implications for this basic research. By defining the importance of nNOS and nNOS-mediated HIF stabilization, novel therapies may be developed that could enhance survival in patients exposed to acute blood loss and anemia (e.g., battlefield and civilian trauma and surgery). A better understanding of these mechanisms may contribute to improved care of anemic patients. Acute Hemodilutional Anemia. Male anesthetized mice (1.5% isoflurane, 21% O 2 ) were hemodiluted in steps by exchanging equal volume of blood with pentastarch (Bristol-Myers Squibb) via the tail vein. Blood samples were collected from a tail nick for Hb (CO-oximeter) and blood gases (radiometer) measurement. Recovery studies were performed at a target Hb near 50 g/L (1 h to 7 d).
Acute Systemic Hypoxia. For acute survival studies, anesthetized mice (1.5% isoflurane) were exposed to reduced inspired O 2 level from 21 to 5% O 2 in ≈5% increments. The time to mortality was measured at 5% O 2 . For recovery studies, mice were exposed to 15% (cardiac output) or 6% O 2 (tissue collection). Cardiovascular Outcomes. Cardiac output (CO) was measured under isoflurane anesthesia by ultrasound (Vevo 770) and pressure-volume loops as described (42) . Microvascular Brain PO 2 . Microvascular brain O 2 tension was measured by using Oxyphor G2 phosphorescence as described (25) .
Western Blot. Total protein was measured in brain tissue by Lowry assay (BioRad). Samples loaded on SDS/PAGE gel were transferred onto nitrocellulose membranes. Proteins were probed for using specific primary antibodies: nNOS (BD Biosciences); HIF-1α (R&D Systems), HIF-2α (Novus Biologicals), and α-tubulin (Sigma). Immunoreactive bands were detected by enhanced chemiluminescence (Sigma).
Quantitative Real-Time RT-PCR. Total RNA extraction and real-time PCR was performed as described (8) . Specific primers are indicated in Table S2 and  Table S3 .
In Vivo Bioluminescence Imaging: Male WT and nNOS −/− mice with the heterozygous HIF-α(ODD)-luciferase construct were used to detect luciferase expression (D-luciferin, 50 mg/kg; i.p.). Anesthetized mice (1.5% isoflurane, 21% O 2 ) were placed in a light-tight chamber equipped with IVIS imaging camera (Xenogen 300). Dorsal and ventral images were taken (10 s) by using LIVING IMAGE software (Xenogen) and IGOR image analysis software.
Biotin Switch Assay. S-nitrosylation of pVHL was assessed in anemic and hypoxic WT and nNOS −/− mouse brain samples by using the biotin switch assay (28) . Samples treated with 40 mM GSNO or GSH served as a positive and negative control.
Statistical Analysis. Data are presented as means ± SEM and a value of P < 0.05 was taken to be significant. Mantel-Cox log-rank test was used to analyze mortality studies. All other data were analyzed by using a two-way ANOVA for time, group, and interaction effects. Appropriate post hoc analysis was performed by using a Tukey test. Comparison of two means was performed by using a two-tailed Student t test. Bonferroni correction for multiple comparisons was used when indicated (SigmaPlot 11; Systat). , and C57BL6/J; The Jackson Laboratory) were anesthetized by 1.5% isoflurane in 21% O 2 . Hemodilution was performed in steps of 200 μL by exchanging equal volume of blood with pentastarch (BristolMyers Squibb) via the tail vein. Blood samples were collected from a tail nick. Hemoglobin concentration (Hb; CO-oximeter) and blood gases were measured (Radiometer). For acute experiments, mice were hemodiluted until mortality. For recovery studies, hemodilution was performed to a target Hb near 50 g/L and mice were then recovered for up to 24 h for tissue harvesting.
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Mouse Model of Acute Systemic Hypoxia. For acute survival studies, mice anesthetized with 1.5% isoflurane were exposed to gradual reduction of inspired oxygen concentration (F I O 2 ) from 21% to 5% oxygen in ≈5% increments, with each step lasting for 15 min. The final F I O 2 was kept at 5% O 2 during which the time of mortality was assessed. For recovery experiments, conscious mice were placed in a sealed hypoxic chamber supplied with 6% oxygen for 6 h. Inspired oxygen concentration was continuously monitored by gas analyzer (Ohmeda). Tissues were harvested for RNA and protein measurements.
Measurement of Cardiovascular Parameters. Cardiac outputs (CO) were measured in separate groups of spontaneously breathing anemic or hypoxic mice under isoflurane anesthesia. Anemic mice were hemodiluted until a Hb of 50 g/L was achieved. These mice underwent serial CO measurements by ultrasound biomicroscopy (Vevo 770). After hair removal, long axis ultrasound images of the heart were obtained. The end-systolic and end-diastolic areas were traced and converted to volumes. Stroke volume was computed by the difference between end-systolic and end-diastolic volumes. The product of stroke volume and heart rate (EKG) yielded CO. CO was also measured during normoxia (21% O 2 ) and hypoxia (15% O 2 ) in separate mice. Additional measurements of CO in anemic and hypoxic mice were performed by using pressure volume loop analysis as described (1) . Mean arterial blood pressure (MAP) was measured directly by femoral artery catheter. Physiological data were continuously acquired by PowerLab system (ADInstrument).
Vascular Reactivity. Myogenic tone and phenylephrine-stimulated vasomotor responses were assessed in isolated murine mesenteric resistance arteries, as described (2) . Mice were fully anesthetized and then euthanized by cervical dislocation. The mesentery was removed and placed in ice-cold Mops buffer containing 145 mmol/L NaCl, 4.7 mmol/L KCl, 3.0 mmol/L CaCl 2 , 1.17 mmol/L MgSO 4 ·7H 2 O, 1.2 mmol/L NaH 2 PO 4 ·2H 2 O, 2.0 mmol/L pyruvate, 0.02 mmol/L EDTA, 3.0 mmol/L Mops (3-morpholinopropanesulfonic acid), and 5.0 mmol/L glucose. Mesenteric resistance arteries were carefully dissected away from the mesentery, cannulated onto glass micropipettes, stretched to their in vivo lengths, and pressurized to 45 mmHg. The vessels were then warmed to 37°C; transmural pressure was then increased to 60 mmHg. All functional experiments were conducted in Mopsbuffered saline at 37°C with no perfusion.
To measure myogenic tone, vessels were subjected to step-wise increases in transmural pressure (20-mmHg increments) from 20 to 100 mmHg. At each pressure step, vessel diameter (dia active ) was measured once a steady state was reached (3-5 min Oxygen tension in the blood within the microvasculature of the brain was measured during hemodilution by using Oxyphor G2 phosphorescence methodology as described (3, 4) . Anesthetized (1.5% isoflurane) spontaneously breathing animals were placed in a stereotaxic frame, and two burr holes were performed over the parietotemporal cerebral cortex, lateral to the sagital sinus. Excitation and receiving light guides (2-mm core diameter) were positioned such that the light passed through the cerebral cortex and deeper brain structures. Mice were injected i.v. with Oxyphor G2 (0.1 mg in 20 μL, second generation glutamate dendrimer of Pd-tetra-[4-carboxyphenyl] tetrabenzoporphyrin) and the oxygen pressure (by phosphorescence lifetime) measured by a PMOD 5000 (Oxygen Enterprises).
Protein Measurement by Western Blotting. Brains were excised from control and anemic (1, 6 , and 24 h) mice. Tissues were homogenized by using a polytron (Beckman) in buffer A (20 mM Hepes at pH 7.5, 1.5 mM MgCl 2 , 0.2 mM EDTA, 100 mM NaCl, 0.5 mM PMSF, 1 μg/mL Leupeptin, and 0.2 mM DTT), and centrifuged at 10,000 × g for 30 min in 4°C. Total protein lysate was obtained by mixing the supernatant with buffer B (buffer A + 40% vol/vol Glycerol). Protein samples were quantified by Lowry assay (BioRad), aliquoted, and stored at −80 C. Aliqiuots (20 μg) of protein from mouse brain were separated on a 7.5% SDS-polyacrylamide gel, transferred onto nitrocellulose membrane, and transfer efficiency was verified by Ponceau red-stained membranes. Membranes were blocked with 5% milk and probed with monoclonal nNOS (BD Biosciences), polyclonal HIF-1α (R&D Systems), HIF-2α (Novus Biologicals), and GSNOR (ProteinTech Group) antibodies. Immunoblots were probed with appropriate secondary antibodies. Immunoreactive bands were detected by enhanced chemiluminescence (Sigma) and quantified by densitometry using ImageJ software. α-Tubulin (Sigma) was used as loading control.
Immunofluorescence Staining. After 24 h of anemia (Hb ∼ 50g/L) or hypoxia (6% O 2 ), animals were anesthetized and gravity was perfused via cardiac puncture with 4% formaldehyde. Tissues were extracted and placed in 4% formaldehyde for blocking.
Immunofluroescence was performed on 10-μm fixed tissue sections (4% paraformaldehyde) by incubating slides overnight at 4°C with diluents of specific primary monoclonal antibodies for neuronal nitric oxide synthase (nNOS) (BD Biosciences), and HIF-1α (Novus Biologicals) and specific binding were detected with an appropriately labeled secondary antibody. Microscopy was performed by using fluorescent and confocal microscopes (Nikon ECLIPSE 90i, Bio-Rad Radiance 2100).
Quantitative Real-Time RT-PCR. Total cellular RNA was extracted from tissue samples by homogenizer using the guandidium thiocynaide/phenol chloroform methodology as described (5) . Firststrand cDNA was synthesized from 1 μg of RNA by using random primers and SuperScript III Reverse Transcriptase (Invitrogen). Exogenously synthesized capped polyadenylated luciferase RNA was added to the sample to control for RNA extraction and firststrand cDNA synthesis efficiency. Real-time PCR was performed by using an ABI PRISM 7900HT (Applied Biosystems) using a SYBR green detection system. Reactions were performed in triplicate. To quantitate copy number, serial dilution of plasmids was used corresponding to the target gene to construct standard curve. Target genes were corrected for efficiencies of RNA extraction and first-strand cDNA synthesis, as indicated by luciferase RNA measurement. Data are normalized to baseline and corrected for luciferase efficiency. Primers used for EPO, VEGFA, PDK1, and GLUT1 are indicated in Table S2 .
HIF-α(ODD)-Luciferase Mouse Study. Male heterozygous ODDluciferase mice were interbred with female nNOS −/− mice (The Jackson Laboratory) to produce WT (nNOS +/+ ) and nNOS were observed across the genotypes or in comparing anemia to control conditions. All respective groups were compared using an ANOVA statistical test. Profile of total body radiance in dorsal images (n = 6) and hemoglobin levels at baseline and up to 7 d after acute anemia. (C) Extracted brain, kidney, liver, and heart tissue was assessed for luciferase activity in vitro at nonanemic and after 6 h of anemic mice *P < 0.05 vs. baseline; #P < 0.05 vs. control. Table S1 . Physiological parameters, blood gases, and CO-oximetry data from anemic and hypoxic mice Cycle threshold at 1000 copy number (Ct 1000 ) was indicated. 
